We investigate the reaction π − p → D − Λ + c within the generalized parton picture. The process is described by a handbag-type mechanism with the charm-quark mass acting as the hard scale. As in the case of preceding work onp p →Λ − c Λ + c we argue that the process amplitude factorizes into one for the perturbatively calculable partonic subprocessū u →c c and hadronic matrix elements that can be parameterized in terms of generalized parton distributions. Modeling the generalized parton distributions by overlaps of (valence-quark) light-cone wave functions for the hadrons involved, we obtain numerical results for unpolarized differential and integrated cross sections as well as spin observables. Our approach works well above the production threshold (s 20 GeV 2 ) in the forward hemisphere and predicts unpolarized cross sections of the order of nb, a finding that could be of interest in view of plans to measure π − p → D − Λ + c at J-PARC.
I. INTRODUCTION
Hard exclusive processes have attracted much attention in recent years by both, theoreticians and experimentalists. Above all the deeply virtual reactions as leptoproduction of mesons and photons have been theoretically studied and measured in great detail. This interest is based on the asymptotic factorization theorems which purport that the process amplitudes can be represented as convolutions of perturbatively calculable partonic subprocess amplitudes with generalized parton distributions (GPDs). This, so-called, handbag approach is quite successful in describing the deeply virtual processes qualitatively as well as quantitatively. An alternative class of hard exclusive processes is characterized by large Mandelstam −t (and −u) providing the hard scale. For this class the amplitudes factorize in a product of subprocess amplitudes and form factors representing moments of GPDs Examples of such processes are wide-angle real Compton scattering or time-like reactions as, e.g., two-photon annihilations into pairs of hadrons. Also the time-reversed process proton-antiproton annihilation into two photons (or photon and meson) belong to this class. Again the handbag approach works very well. A particular outstanding example is real Compton scattering. A GPD analysis of the nucleon form factors provided also results for the Compton form factors. Hence, Compton scattering in the wide-angle region can be evaluated free of parameters. The results are found to be in fair agreement with experiment. New measurements performed at the upgraded Jlab will provide another crucial test for the quality of these results. Future precise data from BELLE and FAIR may further probe the predictions for the time-like processes.
A third class of hard exclusive processes, which are amenable to the handbag approach, is formed by reactions involving heavy hadrons. Here the large scale is set by the heavy-quark mass and the model can be applied to the forward hemisphere and Mandelstam s well above the reaction threshold. Like for the wide-angle processes the heavy-hadron amplitudes are represented by products of subprocess amplitudes and appropriate form factors. Till now the processespp →Λ [3] have been investigated. An experimental verification of the derived results is still pending, there are no data as yet. A considerable improvement of the experimental situation for hadron pair production is to be expected from the upcomingPANDA detector at FAIR. The photoproduction of D 0 -mesons could be, tentatively, measured at the upgraded JLab.
In this work we are going to investigate a pion-induced process, namely πp → D − Λ + c , within the handbag approach. After a few kinematical preliminaries in Sec. II, we sketch in Sec. III the handbag approach to the process of interest. In Sec. IV we present numerical results for cross sections and polarizations. The paper ends with a summary and our conclusions, Sec. V.
II. HADRON KINEMATICS
The momenta, light-cone (LC) helicities and masses of the incoming proton and π − are denoted by p, µ, m p and q, m π , those of the outgoing Λ + c and D − by p , µ , M Λc and q , M D , respectively. We consider the reaction in a symmetric center-of-momentum system (CMS) which has the z-axis aligned along the three-vector part,p, of the average momentump ≡ 
we parameterize the proton and the Λ + c momenta as follows [26] :
The π − -meson and the D − -meson momenta can be written in an analogous way:
withq
q − and η are determined by our CMS kinematics (p+q = 0, p + q = 0). The relation between ξ and η is most easily obtained from
III. DOUBLE-HANDBAG MECHANISM, FACTORIZATION AND GPDS
As in Ref. [1] we argue that intrinsic (nonperturbative) charm of the proton can be neglected and the mechanism which dominates π
well above the kinematical threshold (M Λc + M D ) 2 ≈ 17.27 GeV 2 and in the forward hemisphere is the one depicted in Fig. 1 handbag-type mechanism goes along the same lines as in Ref. [1] . One has to assume that the parton virtualities and (intrinsic) transverse momenta are restricted by a typical hadronic scale of the order of 1 GeV and, in addition, that the p → Λ c (π → D) GPDs exhibit a pronounced peak at a large value ofx 1 (x 2 ) close to the ratio of charm-quark and charmed-hadron masses
Such a behavior parallels the theoretical expected and experimentally confirmed property of heavy-quark fragmentation functions, in particular for c → Λ + c [5] and is also analogous to the behavior of heavy-hadron distribution amplitudes (DAs) [6, 7] . Under these assumptions, with m c taken as the hard scale, the hadronic amplitude M is seen to factorize in a hard partonic scattering kernel H and soft hadronic matrix elements which describe the p → Λ c and π → D transitions by emission and absorption of soft (anti)quarks. These quarks participate in the partonic subprocessū u →c c, are approximately onmass-shell and collinear with their parent hadron. The resulting formal expression for the process amplitude (for details of the derivation, see Refs. [1, 8] ) reads [27]:
with a ( ) i and α ( ) i denoting color and Dirac indices and the average momentum fractions of the active (anti)quarks
For the assignment of (anti)quark momenta, helicities as well as color and Dirac indices, see Fig. 1 . The line of arguments leading to Eq. (5) puts an upper bound on ∆ 2 ⊥ which restricts the validity of our approach to a particular angular range around the forward direction. For the energies we are interested in this angular range is, however, sufficiently large to obtain reasonable estimates for integrated cross sections. Using projection techniques as in Ref. [1] we pick out the "leading twist" contributions from the bilocal quark-field operator product
and from Ψ u (z
respectively (σ ±j = iγ ± γ j with j = 1, 2 labeling transverse components). The three Dirac structures showing up in Eqs. (7) and (8) can be considered as + or − components of (bilocal) vector, pseudovector and tensor currents, respectively. These currents are then Fourier transformed (with respect to z T πD , which are defined by [9] [28]:
These GPDs are functions of the average momentum fractionx 2 , the skewness parameter η and the Mandelstam variable t = ∆ 2 .
Having expressed the soft hadronic matrix elements in Eq. (5) in terms of generalized parton distributions one ends up with an integral in which these parton distributions, multiplied with the hard partonic scattering amplitude H λ 1 λ 2 ,λ1λ2 (x 1p + ,x 2q − ), are integrated overx 1 andx 2 . The requirement for Mandelstam s to be large enough to produce the cc pair puts some kinematical constraints onx 1 andx 2 . For s well above the production threshold (s 20 GeV 2 ) and in the forward-scattering hemisphere it can be checked numerically thatx 1 > ξ andx 2 > η. This means that the ERBL region (x 1 < ξ, x 2 < η) does not contribute in our case. The supposition that the p → Λ + c and D − → π − GPDs are strongly peaked atx 10 andx 20 , respectively, leads to a further simplification of the
The major contributions to thex 1 andx 2 integrals will then come fromx 1 ≈x 10 andx 2 ≈x 20 . One can thus replace the hard partonic scattering amplitude by its value at the peak position, H λ 1 λ 2 ,λ1λ2 (x 10p + ,x 20q − ) and take it out of the integral. What one is left with are separate integrals over the GPDs which may be interpreted as generalized p → Λ + c and D − → π − transition form factors. In the formal limit of m c → ∞x 10 andx 20 tend to 1 according to the heavy-quark effective theory [10] . This makes it obvious that our approach can be viewed as a variant of the familiar Feynman mechanism. With this "peaking approximation" our final expressions for the π − p → D − Λ + c amplitudes become:
with the π
In Eqs. (10) we have restricted ourselves to the two most important p → Λ c GPDs, H cu pΛc and H cu T pΛc , leading to the respective form factors R V and S T , defined analogously to Eq. (11) . The underlying assumption is that those GPDs (and corresponding form factors) which involve non-zero orbital angular momentum of the (anti)quarks that make up the hadrons are suppressed. This leads also to omission of E cu T πD . The H λ 1 λ 2 ,λ1λ2 are LC helicity amplitudes for uū → cc via one-gluon exchange [29] . Naive application of the collinear approximation gives (minus signs for primed momenta) k
for the parton momenta (m p and m π are usually neglected). In order to match the subprocess kinematics (charm-quark mass m c ) with the one on the hadronic level (hadron masses M Λc = M D ) some further approximations are required. As one can easily verify
e. momentum conservation does not hold on the partonic level, in general. There are only two special cases in which momentum conservation is recovered. The first case isx 10 ,x 20 → 1, which one would obtain in the heavy-quark limit (M Λc = M D = m c → ∞). The second case isx 10 =x 20 finite, but ξ = η 0, which holds for finite charm-quark mass in the limit of large (hadronic) Mandelstam s. In these two limiting cases the partonic amplitudes become formally the same if expressed in terms of the hadronic momentum components p +( ) , q −( ) , ∆ ⊥ and Mandelstam s. They only differ in the argument of the strong coupling α s which is Mandelstam s in the first case and (x 10x20 s) in the second one. Since we want apply our approach for physical masses of the heavy hadrons it seems more plausible to take (x 10x20 s) as the scale which determines the strength of α s . In both cases one demands thatx 10 =x 20 which means that an average mass must be taken for the heavy hadrons when calculating the partonic amplitude. We take the geometric mean value We take simple s-wave wave functions for the hadron ground states. This has the consequence that
The reason is that the tensor structure requires the flip of a quark helicity which means that in at least one of the LCWFs, ψ π or ψ D , the helicity of the meson is not the sum of its parton helicities so that orbital excitations of the quarks have to come into play. [1] . For a reasonably small probability to find the c quark with helicity opposite to the one of the Λ c these three GPDs are approximately the same. As already mentioned we take into account only the form factors R V and S T and adopt the numerical results for them from Ref. [1] for the present calculation. In this work the wave function suggested by Bolz and Kroll [13] , which is supported by several phenomenological applications, has been taken for the proton. A slightly modified version of it, with an additional mass exponential that provides the expected pronounced peak atx 10 , was taken for the Λ c [6] .
The wave functions of the π − and D − are parameterized in a quite analogous way. For the π − we use
with the parameters N π = 18.56 GeV −2 and a π = 0.85 GeV −1 taken from Ref. [14] . This wave function gives rise to the asymptotic DA φ asy π (x) = 6 x (1 − x), reproduces the pion decay constant f π = 0.132 GeV and provides a valence-Fock-state probability of P π = 0.25. Like the Λ c our D − -LCWF contains also an additional mass exponential (see Ref. [6] ):
The parameters N D = 54.92 GeV −2 and a D = 0.86 GeV −1 are chosen such that the experimental value of the D-meson decay constant f D = 0.207 GeV [15] is reproduced and the valence-Fock-state probability becomes P D = 0.9. The mass exponential chosen here corresponds to the one for the Λ c which was denoted by "KK" in Ref. [1] . There, another mass exponential, adapted from the QCD sum rule result for Λ b [7] and called "BB", has also been tested which led to a less pronounced peak of the Λ c DA and the p → Λ c GPDs atx 10 . When presenting our results we will, for comparison, also show predictions obtained with the BB-type mass exponential exp[−a Λc(D) M Λc(D) (1 −x )] for both, Λ c and D − . The tilde and hat over the arguments in Eqs. (12) and (13) indicate that these definitions of the LCWFs refer to frames in which the corresponding particles move along the 3-direction [11] . Transverse boosts that leave the plus components of four vectors unchanged, lead back to our CMS. The relationship between momentum fractions and momenta with a tilde to those with a hat is uniquely determined by ∆ ⊥ .
With these models for the valence (anti)quark LCWFs of the π − and the D − we are now able to calculate the π − → D − transition GPD H cu πD and the corresponding form factor G by means of Eqs. (9) and (11) ⊥ is somewhat faster than for the KK mass exponential. For |t | 3 GeV 2 the BB mass exponential provides a considerably larger transition form factor G than the KK mass exponential.
IV. OBSERVABLES
The unpolarized differential cross section for
c is (neglecting m p and m π in the phase-space factor):
The differential cross section predictions for several values of s are presented in Fig. 3 . The left plot is the re- Λc within a range of 417 ± 42 MeV (see also Refs. [1] and [2] ) and from taking s instead of (x 10x20 s) as argument of α s .
The integrated cross section is plotted in Fig. 4 for both, the KK and the BB mass exponentials. As for the differential cross section, we have also made an error assessment in case of the KK mass exponential. A comparable error band is also found for the BB mass exponential. The differences between the predictions obtained with different analytic forms of the Λ c and D
−
LCWFs are obviously much larger than the variations coming from parametric errors in the wave functions. The integrated cross sections are of the order of nb with the BB mass exponential giving the larger results. This is the order of magnitude that has also been found for
, when treated within the generalized parton framework. It is in accordance with old AGS experiments at s ≈ 25 GeV 2 which found upper bounds of 7 nb for π − p → D * − Λ + c and ≈ 15 nb for [16] . A new and more precise measurement of these cross sections would be highly welcome.
For 0 + 1/2 → 0 + 1/2 processes one has three linearly independent polarization observables, one single-spin observable and two spin correlations. Single-spin observables vanish in lowest order perturbation theory, but our approach provides non-trivial predictions for spin correlations. We consider the polarization transfers
and
as the two independent, nontrivial spin correlations. The labels "S" and "L" denote longitudinal and sideways (in the scattering plane) polarization directions (cf. Ref. [1] ). The Φμ μ are CMS helicity amplitudes which are related to our LC helicity amplitudes M µ µ , as defined in Eq. (10), by means of an appropriate Melosh rotation [30] (see Ref. [1] ). For a reasonable probability of about 10% to find the c quark with helicity opposite to the Λ c helicity in the Λ c , the form factors R V and S T differ by less then 2% [1] . As a consequence all the form factors and thereby the whole model dependence nearly cancel out in D LL and D LS . The energy dependence of D LL and D LS is plotted in Fig. 5 for the KK mass exponential. It occurs to be very mild over the considered energy range. The corresponding plots for the BB mass exponential look more or less the same, which confirms the approximate independence of D LL and D LS on the choice of the GPDs. Interesting for planned experiments, e.g. at J-PARC or at COMPASS, we found the integrated cross section well above production threshold (s 20 GeV 2 ) to be of the order of nb, depending on the models for the hadron LCWFs. Our result is in accordance with experimental evidence on π − p → D * − Λ + c [16] . The size of the 
c cross section is typical for the exclusive production of charmed hadrons, likep p →Λ
when treated within the same kind of factorization approach that has been applied here. We expect a cross section of this size also for the case of a pion-induced production of longitudinally polarized D * mesons in a straightforward extension of our model. The calculated spin correlation parameters, on the other hand, were seen to be nearly independent on the models for the LCWFs. This means that those spin correlations are mostly determined by the hard partonic subprocess and may thus give us some clues on how charm is produced on the partonic level.
Exclusive production of charmed hadrons has also been addressed to in Regge models. 
for the forward scattering amplitude. With a typical trajectory α D * (t) −1 + t/2 GeV −2 [18, 19] and the still sizable value of |t 0 | for s in the range 20 − 30 GeV 2 one notices a strong suppression of the DΛ c channel as compared to the strangeness channel KΛ, where the K * trajectory is exchanged. In the strangeness channel |t 0 | is very small for s 20 GeV 2 . Thus, at t = t 0 0 the K * trajectory takes a value of about 0.4. In addition to the strong charm/strange suppression through the different trajectories and values of t 0 there is the issue of flavor symmetry breaking in the Regge residues and in the scale parameter, s 0 . For the scale parameter it is usually relied on the quark-gluon string model of binary reactions [18] . In detail the differences in the Regge parameters and in the residues lead to substantial differences in the results for the charm/strange suppressions. Thus, in the recent work [20] a suppression factor of about 10 −3 has been obtained and hence a cross section of the order of nb in agreement with our finding.
In sharp contrast to [20] Khodjamirian et al [21] found a much milder charm/strange suppression. Thus, for instance, for thepp →Λ − c Λ + c cross section they obtained a value which is about two orders of magnitude larger than the estimate in our partonic picture [1] . Results for our process, π − p → D − Λ + c , are not quoted in [21] . We stress that in our model SU (4)-flavor-symmetry breaking (in addition to the one from the hadron and quark masses) occurs due to the flavor dependence of the hadron wave functions which diminishes the p → Λ c and π − → D − overlaps considerably as compared to the p → Λ and π → K ones [22] .
Exclusive charm production near threshold has also been estimated within hadronic models with unreggeized meson exchanges [23, 24] . The SU (4)-symmetry breaking in this approach is hidden in initial and final-state interactions and phenomenologically parameterized vertex form factors. In the hadronic model the estimated cross sections are about a factor of 100−1000 larger than ours. Cross sections as large as predicted by hadronic or some of the Regge models would also indicate that, in contrast to our assumption, charm is produced nonperturbatively which means that (non-perturbative) intrinsic charm of the proton must be taken into account. This could, in principle, be done within our approach, but it is hardly conceivable that the small amount of intrinsic charm in the proton that is compatible with inclusive data [25] old would thus be highly desirable to pin down the production mechanism of charmed hadrons and shed some more light on the question of non-perturbative intrinsic charm in the proton.
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